[1] The parameter m describes the 238 U/
Introduction
[2] It has been known for more than 30 years that many mid-ocean ridge and ocean island basalts (MORB and OIB) contain variably radiogenic lead, which requires a history of relatively high U/Pb and Th/Pb ratios in their sources [e.g., Gast et al., 1964; Armstrong, 1968; Gast, 1968; Tatsumoto, 1978; Sun, 1980; Zindler and Hart, 1986; Hanan and Graham, 1996; Hofmann, 1997] . While there is extensive overlap between Pb isotope ratios in MORB and OIB, the most radiogenic Pb isotope ratios are found in OIB, which have been classified as HIMU-type OIB [Zindler and Hart, 1986] . HIMU is geochemical jargon for ''high-m,'' with m being defined as m = ( 238 U/ 204 Pb) t=0 [Houtermans, 1953; Zindler and Hart, 1986] . Although 238 U/ 204 Pb ratios change significantly with time, m is defined as the present-day (i.e., zero-age, t = 0) 238 U/ 204 Pb ratio by convention.
[3] The HIMU effect is part of the so-called ''lead paradox,'' which concerns the fact that Pb isotope ratios in most MORB and OIB are more radiogenic than in the undifferentiated mantle or bulk Earth. This is contrary to expected geochemical systematics, which dictate that the highly incompatible uranium should be more depleted than the moderately incompatible lead in the depleted mantle [Allègre, 1969] . Several solutions have been proposed to explain this effect, for example late transport of lead into the core [Vollmer, 1977; Vidal and Dosso, 1978; Allègre et al., 1980; Vidal et al., 1984] , hydrothermal transfer of lead from mantle to continental crust [Peucker-Ehrenbrink et al., 1994; Chauvel et al., 1995; Hofmann, 1997] , uranium uptake by the subducted oceanic crust [Hofmann and White, 1980; Elliott et al., 1999] , and an age of the mantle that is significantly younger than the ages of meteorites [Zartman and Haines, 1988] .
[4] Independent of what the correct explanation for the radiogenic Pb isotope ratios in MORB and OIB is in general, the most radiogenic Pb isotope signatures in MORB and OIB are widely ascribed to a HIMU-type source component. This HIMU component is thought to be a mantle component with a common origin. In the following, we use the term ''component'' to characterize parts of the mantle that are isotopically different from other parts of the mantle, with no implications about their physical size and properties, mineralogic composition, genetic origin, or location and distribution in the mantle. Recently, Hoernle et al.
[1995] and Wilson et al. [1995] suggested that a HIMU component is ubiquitous in the upper mantle beneath much of the Atlantic Ocean, Europe and the Mediterranean Sea. Such a ubiquitous presence of a component with HIMU-like affinities, though not necessarily restricted to the upper mantle, had previously been suggested by Hart et al. [1992] (see also discussion below) and also by Stracke et al. [2003b] ; it is also implied by the modeling study of Christensen and Hofmann [1994] . Vidal [1992] and Thirlwall [1995 Thirlwall [ , 1997 further suggested that variously radiogenic lead in OIB can originate from continuously produced high-m materials.
[5] Here, we argue that the radiogenic lead found in MORB and many OIB is likely to originate from a different type of source compared to the source with the most radiogenic Pb isotope ratios found in ''classical'' HIMU-type OIB, such as occur on St. Helena and some of the Cook-Austral Islands (e.g., Tubuai, Mangaia and Rurutu). St. Helena and the Cook-Austral-type HIMU OIB sources (in the following simply referred to as HIMU) do not, in fact, appear to significantly contribute to the isotope arrays found in MORB and other OIB, and may ultimately be derived from a single reservoir that is different from that of the ''HIMU-type'' component found in MORB and many other OIB. The systematics of MORB and OIB isotope arrays suggest that the radiogenic lead in MORB and OIB, with the exception of the St. Helena and Cook-Austral HIMU OIB, derive from a common component that is ubiquitous in both MORB and OIB mantle sources. To give credit to the first proposal of such a ubiquitous component we adhere to the term FOZO after Hart et al. [1992] . By redefining the composition, the origin, and the role of FOZO in the mantle, we establish a simple conceptual framework that explains the isotopic variability in both MORB and OIB with the lowest number of components. These are depleted MORB mantle (DMM), HIMU, two varieties of enriched mantle (EM 1 and EM 2 [Zindler and Hart, 1986] ), and FOZO, as redefined in this study.
Two Different HIMU Components in the Mantle
[6] Depicting and analyzing isotopic relationships in mantle-derived basalts has become difficult because of the large amount of data available and because of the large number of parameters that can be evaluated. Principal component analysis as used by Allègre et al. [1987] is probably the most efficient way to display the extreme mixing endmembers, but its high degree of abstraction makes it somewhat counterintuitive. Moreover, it is difficult with this technique to identify possible mixing components that may be located at intermediate rather than extreme compositions, because a physically present mixing component of such intermediate composition is likely to be interpreted as a mixture between the ''principal,'' extreme compositions. The three-dimensional tetrahedron representation chosen by Hart et al. [1992] used envelopes for data from individual hot spots, and such envelopes might be biased by a small number of samples (a single one in the extreme case). The triangular representation chosen by Hanan and Graham [1996] does not show the separation between different MORB (and OIB) arrays any more clearly than do conventional x-y diagrams. For these reasons, we use two and three-dimensional isotope ratio plots of real data throughout this paper, which are based on a more recent data compilation for global MORB and OIB [Stracke et al., 2003a] compared to that introduced by Hofmann [1997] . This data set includes only samples with Sr, Nd and Pb isotopes determined on the same sample and consists of more than 1000 MORB data from all three major oceans and more than 2000 OIB data.
[7] The term HIMU has often been used loosely for basalts with 206 Pb/ 204 Pb ratios greater than about 19.5. However, OIB with the most radiogenic lead isotope ratios must actually be divided into two groups (Figure 1 [Zindler and Hart, 1986; Hart, 1988; Vidal, 1992] . It is represented in basalts from St. Helena and from Mangaia, Rurutu (old volcanics), Rimatara, Raivavae, and Tubaii of the Cook-Austral islands (hereafter referred to as HIMU; Figure 1 , red symbols). The second group is characterized by slightly less radiogenic Pb isotope ratios, but more radiogenic Sr isotope ratios ( 206 Pb/ 204 (Figure 1 ). This moderately HIMU-like component is represented in basalts from the islands of Rurutu (young volcanics only), Mauke, Rimatara and Raivavae of the Cook-Austral chain (Figure 1 , green symbols).
[8] Not surprisingly, within the zoo of mantle components, this moderately HIMU-like source has some resemblance with a number of previously discussed mantle components. Most prominently, it closely resembles ''FOZO'' (FOcal ZOne), first defined by Hart et al. [1992] . The composition of FOZO, as defined by Hart et al. [1992] , has long been a moving target, spanning a range of isotopic compositions from originally depleted Sr and Nd and Sr = 0.7030-0.7032 [Workman et al., 2004] ; Figure 2 ). The moderately HIMU-like compositions of the second group defined above (Figures 1 and 2 , green symbols) overlap with the most recent composition suggested for FOZO (Figure 2 ). It will become clear from the following discussion that the inferred role of such moderately HIMUlike compositions in the mantle (see above and Figures 1 and 2, green symbols) and their inferred genetic origin also closely resemble those originally suggested for FOZO [Hart et al., 1992] . We will thus hereafter refer to such isotopic compositions as FOZO. 3. Systematics of MORB and OIB Isotope Arrays Pb diagram can be produced, in principle, by a single differentiation event about 1.8 to 2 Gyr ago [Tatsumoto, 1978; Sun, 1980] or, more likely, by a process of continuous differentiation of U-Pb ratios and convective remixing as suggested by Allègre et al. [1980] and Christensen and Hofmann [1994] . The companion plot of 208 Pb/ 204 Pb À
206
Pb/ 204 Pb, however, shows that MORB and FOZO on one hand and the HIMU data on the other form two distinct arrays with different slopes (Figure 3b) . A hypothetical mixing line drawn between HIMU and a depleted MORB end-member is not populated by actual and is represented in basalts from the islands of Rurutu (young volcanics only), Mauke, Rimatara, and Raivavae of the Cook-Austral chain. Data compilation can be obtained from Stracke et al. [2003a] . Pb/ 204 Pb diagram shows that a hypothetical mixing line drawn between HIMU and a depleted MORB end-member is not populated by actual data (Figure 3b , dashed line). Thus mixing between MORB-and HIMU-type sources is unlikely to be the major cause for the Pb isotope variability in MORB and OIB. FOZO-like compositions are indicated by the shaded green field. Pb measured À 9.307) [Galer and O'Nions, 1985] Hf/ 177 Hf ratios also show the unique composition of HIMU amongst MORB and OIB ( Figure 6 , red symbols).
[10] The apparent convergence of OIB trends in two or three dimensional isotope ratio space has led to the original postulation and definition of FOZO [Hart et al., 1992] as a suitable end-member of numerous OIB, but not MORB, isotope arrays. It is debatable, however, whether or not OIB trends [e.g., Mahoney et al., 1989; Milner and LeRoex, 1996] , or lower continental crust [Escrig et al., 2004; Hanan et al., 2004] . Nevertheless, FOZO appears to be one of the end-members or mixing components of the Indian MORB array as well.
[12] The FOZO end of the MORB array also overlaps with the radiogenic Pb isotope ratio end of many OIB arrays from a number of ocean islands, for example the Marquesas, Cape Verdes, Canary islands, Comores, Madeira and, by definition, some of the Cook-Austral islands (Figures 1-6 ). FOZO is therefore a component that is present not only in many MORB but also in many OIB sources. Consequently, OIB can be classified into HIMU-type OIB and basalts from islands that form mixing arrays originating from the MORB-FOZO array and diverging toward various isotopically ''enriched'' compositions such as EM 1 and EM 2 [Zindler and Hart, 1986] (Figure 1 ). It appears therefore that MORB-FOZO mixing is a virtually ubiquitous feature of both the MORB and OIB mantle, and that further isotopic variation imposed by the addition of enriched materials (EM-type) to these mixtures occurs in many, but not all, MORB and OIB (Figures 1-6 ) [Stracke et al., 2003b] . In contrast, HIMU-type OIB appear to be a special group of OIB, which only occur at two intraoceanic localities, St. Figure 7 and Animation 1).
[13] In summary, FOZO, as redefined here, is likely to be a ubiquitous component in the sources of MORB and OIB. The redefined composition of FOZO has the advantage that FOZO is actually observed in both MORB and OIB sources, and that much of the isotopic variability in both MORB and OIB can be explained with the fewest number of mantle components, that is, depleted MORB mantle (DMM), HIMU, two enriched mantle varieties (EM-1 and EM-2) [Zindler and Hart, 1986] , and FOZO, as redefined in this study.
FOZO and the Mantle Zoo
[14] Other previously proposed common or ubiquitous components in MORB or OIB sources are ''PREMA'' (PREvalent Mantle) [Wörner et al., 1986; Zindler and Hart, 1986] , ''PHEM'' (Primitive HElium Mantle) [Farley et al., 1992] , and ''C'' (common component; [Hanan and Graham, 1996] . ''PREMA'' has a fairly depleted composition, originally defined to coincide with the depleted end of continental basalt arrays [Wörner et al., 1986; Zindler and Hart, 1986] ) has been defined on the basis of the convergence of MORB Pb isotope arrays [Hanan and Graham, 1996] , but is virtually identical to the previously defined composition of FOZO (see above) [Hart et al., 1992; Hauri et al., 1994] , which was based on the apparent convergence of OIB Sr-Nd-Pb isotope arrays. ''C'' and the original composition of FOZO [Hart et al., 1992; Hauri et al., 1994] have similar isotopic composition and were inferred to represent a large part of or the entire lower mantle. They thus represent different manifestations of essentially the same concept. Note that several OIB arrays cross-cut these ''C''-like compositions and an additional component with more radiogenic Pb isotope composition similar to the redefined composition of FOZO must be invoked to account for their total isotopic variability. In contrast, using the redefined composition of FOZO, depleted MORB mantle (DMM), HIMU, and a minimum of two different enriched mantle components (EM 1 and EM 2 [Zindler and Hart, 1986] ) explains the MORB and OIB isotope systematics with a minimum number of components and a maximum degree of simplicity. Pb ratios require high time-integrated U/Pb and Th/Pb ratios, unlike those of any other MORB and OIB sources (Figures 1-7) . Overall, 87 Sr/ 86 Sr ratios of HIMU basalts are relatively low and show little variation compared to other isotope ratios (Nd, Hf, Pb) and so require sources with either similarly low Rb/Sr and similar age or, more likely, Rb/Sr ratios of essentially zero to prevent significant ingrowth of 87 Sr. This is supported by lower and relatively constant Rb/Sr ratios in HIMU basalts compared to other OIB. At the same time, considerable variations in Pb, but also Hf and Nd isotope ratios require sources with variable time-integrated U/Pb, Th/Pb, Th/U, and to a lesser degree, Sm/Nd and Lu/Hf ratios. Thus the HIMU source is distinct from those of other OIB sources by having lower time-integrated Th/U and Rb/Sr, but higher U/Pb and Th/Pb ratios.
Possible
[16] These characteristics of the HIMU source have most often been explained as a result of recycled oceanic crust being, or at least being a significant part of the HIMU source [e.g., Hofmann and White, 1982; Vidal et al., 1984; Palacz and Saunders, 1986; Zindler and Hart, 1986; Halliday et al., 1988; Hart, 1988; Nakamura and Tatsumoto, 1988; Weaver, 1991; Chauvel et al., 1992; Hauri and Hart, 1993; Reisberg et al., 1993; Roy-Barman and Allègre, 1995; Hauri et al., 1996; Chauvel et al., 1997; Hofmann, 1997; Lassiter and Hauri, 1998; Salters and White, 1998 ]. While the Nd and Hf isotopic signatures are compatible with ancient mantle-derived melts created in the garnet-stability 2004GC000824 field [e.g., Salters and White, 1998 ], peridotite melting cannot at the same time create the very low Rb/Sr ratios, unless relatively large degrees of melting and/or an extremely depleted peridotite is assumed. Large degrees of peridotite melting also lead to relatively little fractionation of the (U, Th)/Pb and Th/U ratios. Therefore, although the Lu-Hf and Sm-Nd characteristics of the HIMU source component are compatible with mantlederived melts, the Rb-Sr and U-Th-Pb systematics cannot be explained by this same process. It follows that the HIMU source is unlikely to be similar to unmodified mantle-derived melts. This is confirmed by comparing parent-daughter ratios in global MORB and suitable parent-daughter ratios of the HIMU source for a range of possible ages of the HIMU source [e.g., Hauri and Hart, 1993; Stracke et al., 2003a] (Figure 8 ). Hofmann and White [1980, 1982] suggested that hydrothermally altered oceanic crust is a suitable source for HIMU basalts, but the increase in alkali elements and U in altered oceanic crust [e.g., Staudigel et al., 1995 Staudigel et al., , 1996 Kelley et al., 2003] [17] Oceanic crust has a wide range of compositions, especially when considering the fact that the extent and mode of hydrothermal alteration and the proportion and composition of different parts of the oceanic crust (altered MORB, fresh MORB, gabbros) can be quite variable. On the basis of the Pb isotope systematics of HIMU basalts, Hauri and Hart [1993] argued that recycling ages are likely to be between 2.1 and 0.7 Ga, but an even larger range of possible recycling ages cannot be excluded at this point. Perhaps the greatest uncertainty in evaluating the potential of ancient recycled crust as a possible HIMU source, however, is the mode and extent of modification during subduction. Although experimental studies of element transfer during sub-arc processing agree in most cases on the relative fractionation of elements, the magnitude of fractionation remains uncertain. Thus it remains plausible to assume a large range of values for all relevant parameters (age, composition before and after subduction-processing) and a range of isotopic compositions for the present-day isotopic composition of the recycled crust, both within and outside the field for HIMU basalts result. Until more precise constraints on Pb ratios in present-day MORB glasses (data can be obtained from Stracke et al. [2003a] ) compared to the range of 232 Th/ 204 Pb ratios calculated for the HIMU source (gray field). Calculations assume a range of recycling ages of 3 -0.5 Ga. The stippled field is the required range of 232 Th/ 204 Pb ratios for a 2 Gyr old HIMU source. Also shown are the average of the compiled ratios (average MORB), as well as the average N-MORB of Hofmann [1988] , altered MORB [Staudigel et al., 1996] , gabbro [Hart et al., 1999] , and an estimate for a bulk igneous crust consisting of fresh MORB, altered MORB, and gabbro (see Stracke et al. [2003a] for details and further discussion). Figure 1 . In contrast to HIMU sources, variations in U/Pb (Th/ Pb, Th/U) ratios in FOZO sources are therefore coupled to variations in Rb/Sr ratios. Clearly, FOZO and HIMU basalts have different sources, but do they need to have sources with an entirely different origin? In other words, can HIMU and FOZO signatures both be explained by recycling of oceanic crust?
[20] This question is difficult to answer for a variety of reasons. Principally, for the subduction and recycling process, the same arguments hold as presented in the discussion above. Among the most important arguments to consider is that most Th/Pb ratios in fresh MORB, altered MORB and gabbros are also too low to produce the most radiogenic Pb isotope signatures in FOZO sources. For FOZOtype signatures along the MORB-FOZO-array with less radiogenic Pb isotope signatures, however, Th/Pb isotope ratios on the high side of those found in present-day MORB (Figures 1-7) can be sufficient. Increasing the (U,Th)/Pb ratios during subduction is therefore also required to produce the most radiogenic FOZO signatures, but may not be strictly required for FOZO-type signatures along the MORB-FOZO array with less radiogenic Pb isotope ratios. In order to better evaluate the necessity for, or the extent of subduction-modification for FOZO compared to HIMU sources (assuming that both originate from recycled oceanic crust), the principal questions to answer are as follows: Can recycling of oceanic crust produce isotope systematics similar to those characteristic of FOZO? Is it possible that different extents or different mechanisms of subductionmodification lead to the extremely low Rb/Sr and high (U, Th)/Pb ratios in case of the HIMU source and to the coupled changes in Rb/Sr and (U,Th)/Pb ratios required for the FOZO sources? In order to answer this question, a number of other open questions relating to sub-arc modification mechanisms have to be answered first. For example, how variable is the overall composition of the subducted oceanic crust, both before and after subduction? What parameters influence both the absolute flux of the elements as well as the flux of one element relative to another? How variable are these parameters in different subduction zone settings and which processes are responsible for potential differences? Are potential changes in the relative fractionation of the elements during sub-arc modification between different subduction zones and/or through time large enough to cause differences in isotopic composition of ancient sub-arc modified crust?
[21] Combined isotopic and trace element data on FOZO and HIMU basalts may provide more information about the difference between the FOZO and HIMU sources. Given the limited amount of highquality data available, however, the trace element systematics of FOZO and HIMU basalts are difficult to evaluate. Many FOZO-type OIB have rather similar trace element composition compared to HIMU basalts, which would argue in favor of a common origin of the FOZO and HIMU sources. There are, however, some differences between FOZO and HIMU basalts erupted on the island of Rurutu of the Cook-Austral chain. FOZO and HIMU basalts on Rurutu were erupted during different phases of volcanism. Chauvel et al. [1997] showed that young Rurutu lavas (FOZO) are isotopically more depleted and characterized by different trace element ratios and concentrations compared to old Rurutu lavas (HIMU; e.g., different La/Yb, Ce/Pb, Ba/Nb, Zr/Hf). Due to the considerable scatter observed in the literature data from other FOZO-type basalts from the CookAustral islands, however [e.g., Palacz and Saunders, 1986; Dupuy et al., 1988 Dupuy et al., , 1989 Nakamura and Tatsumoto, 1988; Chaffey et al., 1989; Chauvel et al., 1992; Hemond et al., 1994; Woodhead, 1996; Kogiso et al., 1997; Dostal et al., 1998 ], it remains unclear whether these differences between young and old Rurutu lavas (FOZO versus HIMU) are a general feature of FOZO and HIMU basalts, or are a specific characteristic of Rurutu lavas only.
Role of HIMU and FOZO in the Mantle
[22] HIMU is apparently absent in MORB and rare in OIB. In fact, it has been documented at only two intraoceanic hot spots; St. Helena in the Atlantic Ocean and the Cook-Austral island chain in the South Pacific Ocean. Attributing HIMU signatures to ancient recycled oceanic crust requires a very specific combination of age and composition of the recycled crust (see above). Therefore one single event, rather than continuous subduction and recycling of oceanic crust into the Earth's mantle, would have to be invoked to attribute HIMU signatures to ancient recycled oceanic crust, consistent with its rarity among OIB. Taking into account that there are slight differences between the St. Helena and the Cook-Austral HIMU basalts (mainly for Pb isotope ratios) and that the isotopic composition of the HIMU source might range to more extreme values than those observed in the basalts, these constraints may be somewhat relaxed and a slightly larger number of different recycling ages and/or compositions may be allowed [Stracke et al., 2003a] .
[23] In contrast to HIMU, FOZO appears to be a ubiquitous component in both the MORB and OIB mantle sources. Christensen and Hofmann [1994] argued that the origin of HIMU-type sources in general (i.e., FOZO and HIMU) is most plausibly explained by processes of continuous oceanic differentiation, recycling and remixing. These authors showed that nearly linear arrays of MORB and OIB (including FOZO and HIMU) in 207 Nd diagrams could be generated by segregating and temporarily storing a portion of the subducted oceanic crust at the base of the convecting system, and they showed that the calculated compositions are in reasonable agreement with the observed MORB and HIMU-type OIB data. In their calculation, Christensen and Hofmann [1994] assumed partition coefficients for the relevant elements (U, Pb, Rb, Sr, Sm, Nd) during ocean-crust formation. In the following we will test this model of producing a range of signatures similar to FOZO by continuously recycling oceanic crust by using measured MORB compositions and by asking a slightly different question (see section 5.2): Are the chemical parent-daughter and Sr, Nd and Pb isotope ratios measured in present-day MORB appropriate for producing MORB-FOZO-like isotope arrays in the future?
[24] Rb/Sr versus Sm/Nd ratios in present-day MORB are shown in Figure 9 . The data set used in Figure 9 is the compilation of Su [2002] because it provides global ridge segment-by-ridge segment MORB averages which appear to be particularly useful for our purpose. There is a significant negative correlation between these parent-daughter ratios (Rb/Sr and Sm/Nd) in present-day MORB (Figure 9a ). In addition, Figure 9b shows the calculated isotopic compositions of this array 1 Gyr from now, using the average present-day Sr and Nd isotope ratios of each ridge segment as initial isotopic composition [Su, 2002] . The resulting future isotope array has the expected negative slope and correlation, with only slightly shallower slope compared to the array observed in presentday MORB. A similar exercise is presented in Figure 10 for U/Pb and Sm/Nd ratios. The compilation of Su [Su, 2002] does not provide U/Pb ratios, so we have augmented an existing compilation taken from the PetDB database [Hofmann, 2003 ] by recent publications not yet covered by PetDB (e.g., Le Roux et al. [2002] for the South Atlantic, Mahoney et al. [2002] and unpublished data by Nauret [2004] for the Indian Ocean). This data set with more than 500 samples shows a negative correlation between U/Pb and Sm/Nd ratios in all three major ocean basins, including the Indian Ocean, which is remarkable because 206 Pb/ 204 Pb and 143 Nd/ 144 Nd ratios for MORB from the Atlantic and Pacific ocean basins are also negatively correlated, but those from the Indian Ocean are not (Figure 10b ). This observation is consistent with the interpretation that the isotope correlations in Atlantic and Pacific MORB are well explained by continuous recycling of variably fractionated MORB, whereas the subIndian Ocean mantle is contaminated by some type of recycled continental material, which might be sedimentary, lithospheric, or lower crustal in nature [e.g., Mahoney et al., 1989; Milner and LeRoex , 1996; Rehkämper and Hofmann, 1997; Escrig et al., 2004; Hanan et al., 2004] .
[25] The discussion above shows that MORB-FOZO-like isotope arrays can, in principle, be produced by continuously recycling oceanic crust without the requirement of substantial chemical modification during subduction of the oceanic crust, in marked contrast to HIMU signatures. This would account for the time-integrated evolution with positively correlated Rb/Sr and U/Pb ratios required for FOZO, since during generation of the oceanic crust, both Rb and U are expected to be significantly more incompatible than Sr and Pb, Nd ratios with only slightly shallower slope compared to present-day MORB. The average Sr and Nd isotope composition for each ridge segment is used as initial isotopic composition. A similar array would be obtained by assuming the same initial isotopic composition for all samples. The data set used is the global ridge segment -by-ridge segment average MORB compiled by Su [2002] , which provides Rb, Sr, Sm, and Nd concentrations and Sr and Nd isotope compositions on the same samples. respectively [see, e.g., Hofmann, 1988] . As discussed above, Th/Pb ratios in the oceanic crust are, however, too low to account for the most radiogenic Pb isotope signatures along the MORB-FOZO array and would require either unusually enriched ancient MORB or some Pb extraction during subduction to produce the appropriate Th/Pb ratios in the recycled crust. If, despite this caveat, the notion is accepted that FOZO can be produced continuously by recycling oceanic crust, it follows that FOZO is not one single mixing component but is simply the most radiogenic Nd/ 144 Nd = 0.51315 is assumed. MORB isotope data for presentday MORB are from the compilation provided by Stracke et al. [2003a] . [26] Judging from the apparent ubiquity of FOZO in MORB and OIB sources (see discussion above), FOZO is expected to reside in possibly the entire mantle. A similar model has previously been suggested by Hart et al. [1992] 7. FOZO as a ''Young HIMU'' Source?
[28] Vidal [1992] and Thirlwall [1995 Thirlwall [ , 1997 Figure 1) , whereas the ''young HIMU'' by Vidal [1992] and Thirlwall [1995 Thirlwall [ , 1997 Pb/ 204 Pb ratios. Another fundamental difference between the FOZO concept developed here and the ''young HIMU'' model is that isotopic differences in such ''young HIMU'' sources are expected to arise from differences in age of chemically similar components, whereas the isotopic differences for FOZO are proposed to arise predominantly from variable enrichment in recycled products (see discussion above; Figures 9 and 10). Moreover, Sr and Nd isotope signatures for OIB with the most negative D7/4 are quite variable and can therefore not be derived from sources with coherent time-integrated chemical evolution. The negative D7/4 in the OIB listed by Vidal [1992] and Thirlwall [1995 Thirlwall [ , 1997 therefore do not derive from a similar source component, but are rather one similar feature of a number of different source components.
[29] In addition, the D7/4 values depend on the slope and intercept of the corresponding reference line. Taking errors for both slope and intercept into account, uncertainties of several D7/4 units result.
Note that some of the islands that have originally been used to define the NHRL by Hart [1984] are the majority of those that define the negative D7/4 OIB (notably the Azores, Canary islands, Hawaii and Iceland). The significance of small deviations from the NHRL (D7/4 up to±about 3) is therefore not entirely clear.
[30] It follows from the discussion above that similarities in D7/4 values alone are not sufficient to define mantle components with similar timeintegrated chemical evolution (so-called ''young HIMU'' sources).
Conclusions
[31] Highly radiogenic Pb isotope signatures in MORB and OIB are caused by melting two different mantle sources: FOZO and HIMU. HIMU is the classical HIMU component and is restricted to two intraoceanic localities; St. Helena in the Atlantic Ocean and the Cook-Austral islands in the South Pacific Ocean. FOZO, as redefined here, is compositionally different and is a much more common and perhaps ubiquitous component in the MORB source. Many OIB overlap with FOZO and/or form isotope trends which diverge from the MORB-FOZO array toward various isotopically ''enriched'' compositions (''enriched mantle,'' EM [Zindler and Hart, 1986] ). It appears therefore that FOZO is also a common component in many OIB sources, and may well be present in the entire mantle. HIMU on the other hand is clearly a rare component in the mantle and is not a common mixing end-member of other MORB and OIB arrays. The apparent ubiquity of FOZO in the mantle and the calculated isotopic evolution of compositionally diverse MORB suggest that normal mantle melting and continuous subduction and aging of that crust during recycling through the mantle are the dominant causes of the MORB-FOZO arrays. Addition of EM-type material can disturb or even destroy the dominant MORB-FOZO isotope correlation. This effect is particularly evident in Indian-Ocean MORB. In case an origin by ancient recycled oceanic crust is also postulated for HIMU, the production of HIMU has to be a special case of recycling oceanic crust, representing a rare combination of age and composition of the subduction-modified oceanic crust, consistent with its rarity among OIB. The redefinition of FOZO thus establishes a simple conceptual framework to explain the isotopic variability in both MORB and OIB with the fewest number of possible, and actually observed mantle components, by mixing between depleted MORB mantle (DMM), FOZO as redefined here, and a minimum of two different enriched mantle components (EM 1 and EM 2 [Zindler and Hart, 1986] ). HIMU on the other hand, does not appear to contribute significantly to the isotope arrays found in MORB and other OIB, and may ultimately be derived from a single reservoir that is different from any other MORB or OIB component.
